Assessment of sexual selection in organisms with cryptic life histories is challenging, although accurate parentage assignments using genotypic markers, combined with behavioural observations and a method to account for open population bias, allow for robust estimation of metrics. In the present study, we employed 22 tetranucleotide microsatellite DNA loci to interpret mating and reproductive success in a population of Copperhead (Viperidae, Agkistrodon contortrix) in Connecticut, USA. We sampled DNA from 114 adults (56 males, 58 females) and 137 neonates from known mothers to quantify Bateman gradients (βss), as well as sex-specific opportunities for selection (I) and sexual selection (Is). We also estimated selection on male size [snout-to-vent length (SVL)], a trait important for successful combat and subsequent copulations. Estimates of male I and Is differed significantly from those of females when estimated with four different methods and only males had a significant Bateman gradient. As predicted, male reproductive success was positively correlated with increasing SVL. These results contrast with those derived in another study investigating the same population but based solely on observational data and without correction for open population bias. We thus argue that molecular approaches to quantifying reproductive success and strength of sexual selection provide more accurate results than do behavioural observations alone.
INTRODUCTION
The characterization of mating systems, quantification of reproductive success, and identification of phenotypic characters influenced by sexual selection have a long history of investigation and are clearly important in both micro-and macro-evolutionary processes (Andersson, 1994; Shuster & Wade, 2003 ). Bateman's (1948) principles, derived from laboratory breeding experiments using Drosophila, are particularly useful in understanding mating system evolution by allowing sexual selection gradients (i.e. Bateman gradients; Arnold & Duvall, 1994) to be estimated via regression of reproductive success onto mating success, and by facilitating estimation of the opportunity for selection (I; also referred to as opportunity for fecundity selection; Scharf & Meiri, 2013) and the opportunity for sexual selection (I s) in both males and females (for definitions of terminology, see Appendix; Wade, 1979; Jones, 2009; Mobley & Jones, 2012) . Bateman (1948) predicted that variances in mating and reproductive success are greater among the sex with 'cheaper' gametes and in greater abundance (often males) and that this sex will gain in fitness from an increased number of copulations whereas the less abundant sex (often females) will experience no such gain. This consideration prompted Trivers (1972) to extend the argument by postulating that females will not only be a limiting factor in reproductive equations, but also a subject of intense male-male competition. Subsequently, regressions of reproductive success onto male phenotypic characters important in competition for access to females (e.g. horn size, body length) can be used to identify traits hypothesized to be under sexual selection (Shuster & Wade, 2003) .
Despite their utility, accurate estimation of I, I s, Bateman's gradients, and selection on male phenotypic characters (hereafter referred to as Bateman's metrics) is sensitive to a variety of complications associated with the study of natural populations (Parker & Tang-Martinez, 2005) . Post-copulatory processes such as multiple paternity, long-term sperm storage, and cryptic female choice can result in offspring paternity that is incongruent with field observations of mating . Additionally, incomplete population sampling may bias estimates, particularly when one sex is not sampled with their respective offspring (Mobley & Jones, 2012) . Furthermore, copulations that do not result in offspring (e.g. as a result of sperm competition, cryptic female choice, long-term sperm storage) are important in the estimation of Bateman's metrics but can easily be missed in observations of taxa with cryptic life histories (Collet et al., 2014) .
Fortunately, recent technological and statistical advances can circumvent these difficulties. The capacity to genotype individuals using microsatellite DNA now permits many taxa with complicating postcopulatory processes to be evaluated with regard to their mating systems by facilitating accurate parentage analysis Dubey et al., 2009) . Maximum-likelihood methods have been developed to correct for potential statistical biases associated with sampling open populations (Mobley & Jones, 2012) and the use of behavioural observations of mating in conjunction with genotypic parentage assignments has been shown to increase the accuracy of Bateman's metrics estimates (Collet et al., 2014) .
Nonetheless, the evaluation of mating systems in wild vertebrates has been and remains largely dominated by species that are abundant and/or easy to observe and sample (Clutton-Brock, 1988) , with other taxa often being neglected or insufficiently sampled as a result of small size, cryptic behaviour, unpredictable sampling, and a range of other complexities, such as long-term sperm storage, cryptic female choice, and facultative parthenogenesis. Furthermore, although the ability to overcome these complications now exists, studies often still rely only on behavioural observations for estimating Bateman's metrics (Fritzsche & Arnqvist, 2013; and ignore potential sampling biases, which may result in overestimation (Williams & DeWoody, 2009; Mobley & Jones, 2012; Collet et al., 2014) .
Squamate reptiles have been particularly affected by these difficulties. Although multiple paternity, long-term sperm storage, and facultative parthenogenesis have been documented in this taxon, studies still rely solely on behavioural observations to estimate Bateman's metrics or neglect the potential for statistical biases in open populations . To our knowledge, there have been no studies to date of snake mating systems that simultaneously incorporate genotypic parentage analysis, behavioural observations of mating, and open population statistical corrections. This is unfortunate because the convergence of multiple methods on estimates of Bateman's metrics will yield unique and robust insights into snake mating systems.
For those snake taxa thus far investigated with one or more methods, with some exceptions (Lukoschek & Avise, 2011 ), it appears that both sexes have multiple mates, with mating failure being especially high in males, and with multiple paternity being common (Duvall & Schuett, 1997; Jellen & Aldridge, 2011) . Snake mating systems are now considered polyandrous (Shuster & Wade, 2003; Kissner, Weatherhead, & Gibbs, 2005; Rivas & Burghardt, 2005) with considerable female sexual selection (Fritzsche & Booksmythe, 2013) . Because male snakes do not supply female mates with direct benefits, such as nuptial gifts or care of offspring (Blouin-Demers, , estimations of sexual selection and fitness are simplified (Shuster & Wade, 2003) . Furthermore, phenotypic characters such as snout-to-vent length (SVL) contribute to a priority-ofaccess by males to females (Madsen & Shine, 1993 , 1994 Duvall & Schuett, 1997) and are therefore predicted to be under sexual selection (Shuster & Wade, 2003) .
In the present study, we employed 22 uninterrupted tetranucleotide microsatellite DNA loci (Castoe et al., 2010) to evaluate the mating system of a North American pitviper and test hypotheses driven by sexual selection theory. Specifically, from 2001 to 2003, we sampled adults and neonates (known mothers) in a population of copperhead (Viperidae, Agkistrodon contortrix; Linneaus, 1766) aiming to estimate I, I s, and βss for adults of both sexes using four methods. Litters were analyzed and the relationship between litter size and the number of sires in PITVIPER SEXUAL SELECTION 437 multiple paternity litters was assessed. Additionally, we tested for and found selection on male SVL, which is an important phenotypic trait with respect to successful combat and subsequent copulations (Duvall & Schuett, 1997; Schuett, 1997) . We also compared our results with those from a previous study in the same population in which estimates of Bateman's metrics were derived solely with behavioural observations and without accounting for open population bias .
MATERIAL AND METHODS

HYPOTHESES
Our hypotheses extend from mating system and sexual selection theory (Wade & Shuster, 2005) (Smith, 2007) . Offspring were collected from 19 females and maternity was unequivocal in that parturition occurred in a University of Connecticut laboratory (for a complete description of study site and field methods, see Smith, 2007; Smith et al., 2009; .
Genomic DNA was extracted using the PureGene® DNA Isolation Kit, with concentration standardized at 20.0 ng/μL. Genotype profiles were generated across 23 tetra-nucleotide microsatellite loci (Castoe et al., 2010) . Polymerase chain reactions (PCRs) consisted of 1X GoTaq® Flexi PCR buffer, 2.0-2.5 mM MgCl 2, 0.2 mM dNTP, 15.15 μM bovine serum albumin, 0.2-0.65 mM forward and reverse primer, 0.5 units of GoTaq® Flexi taq DNA polymerase, and 20-40 ng DNA. The temperature profile comprised an initial denaturation of 95°C for 3 m followed by 15 cycles of 95°C for 45 s, 55°C for 45 s, and 72°for 30 s, followed by 16-19 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 15 s, with a final extension of 72°C for 5 m, conducted on GeneAmp® 9600 PCR System or Veriti® 96-Well Thermal cyclers. Microsatellite fragments were resolved on an ABI Prism 3730xl automated sequencer and sized after comparison to the LIZ500 size standard. Alleles were scored using PeakScanner™ (Applied Biosystems) software.
POPULATION GENETIC ANALYSIS
All loci were evaluated for null alleles, large allele dropout, and genotyping errors in MICROCHECKER, version 2.2.3 (Van Oosterhout et al., 2004) . Departures from Hardy-Weinberg equilibrium (HWE) were examined in GENEPOP (Raymond & Rousset, 1995) using a Markov chain method with 200 batches, 5000 iterations per batch, and with Bonferroni-adjusted α = 0.0002. A Markov chain test for linkage disequilibrium (LD) was also conducted in GENEPOP (batches/iterations as above).
PARENTAGE ANALYSIS AND DETECTION OF MULTIPLE PATERNITY
COLONY, version 2.0 (Jones & Wang, 2010 ) employs a full-pedigree likelihood method to estimate familial relationships that is robust with respect to genotyping errors (Wang, 2004) and was used to infer parentage for each juvenile. All adult males and females were included in the candidate father and mother pool, respectively, and the mating system for both sexes was classified as polygamous. Additional parameters were a run of medium length, no inbreeding, no sibship size prior, no update of allele frequencies to account for inferred relationships, and a genotyping error rate conservatively set at 0.001 for each locus (Wang, 2004) . Parentage inferences were first derived without employing known maternal data or maternal sibships to confirm that known and inferred offspring maternity and maternal sibships were congruent, thereby confirming the ability of our microsatellite loci to resolve parent-offspring relationships. Multiple paternity was noted when more than one male was assigned parentage within a single litter. The mean numbers of offspring in single versus multiple paternity litters were compared with a twosample t-test (α = 0.05).
ESTIMATING SEXUAL SELECTION METRICS
The construction of a parental table (see Supporting information, Appendix S1; Arnold & Duvall, 1994) allowed reproductive success and mating success to be calculated for each individual. We first estimated mating success via genotypic analysis (MSgen), then generated a second parental table (see Supporting information, Appendix S2) that included observed copulations in estimates of mating success (MStot) (Collet et al., 2014 ). Bateman's metrics were gauged via traditional calculations (Arnold & Duvall, 1994) , as well as by a maximum likelihood method (Mobley & Jones, 2012) . Opportunities for selection (I) for both males and females were estimated by calculating variance in reproductive success by sex and dividing each by the squared mean sex reproductive success (Table 1) . Similarly, opportunities for sexual selection (Is) were assessed in both sexes by dividing the sexspecific variance in mating success by the sex-specific squared mean mating success (Table 2 ). Bateman gradients (βss) represent the slope of the least-squares regression line of sex-specific reproductive success on that of sex-specific mating success, and were calculated by dividing the sex-specific covariance of reproductive success and mating success by sex-specific variance in mating success (Arnold & Duvall, 1994; Duvall, Schuett, & Arnold, 1994) .
To account for potential statistical biases associated with sampling open populations, we also estimated Bateman's metrics using the maximum-likelihood software BATEMANATER (Mobley & Jones, 2012) , with 1000 bootstrap replicates. Traditional calculations for males included those individuals that achieved no reproductive success, whereas calculations for females included only those that produced offspring (for justification, see Prosser et al., 2002) . By contrast, BATEMANATER calculations employ only those males that achieved mating or reproductive success (Mobley & Jones, 2012) . Differences among male and female estimates of I s and I were assessed with F-ratio tests (α = 0.05; Williams & DeWoody, 2009; Fritzsche & Arnqvist, 2013) , whereas differences among male and female βss were compared statistically with an analysis od covariance (ANCOVA) (α = 0.05).
ESTIMATING SELECTION ON MALE BODY LENGTH
Relative reproductive success for each known male that produced offspring was calculated by dividing the number of offspring sired by the mean number of offspring sired (N = 10; one of the 11 known males that sired offspring was excluded as an outlier). SVL data were standardized to have a mean of zero and SD equal to one. Relative fitness was regressed onto standardized SVL, and the standardized selection gradient estimated from the slope of the regression line. All statistical analyses were conducted with R (R Core Team, 2013) . The standardized selection gradient was calculated for all known males that sired offspring (N = 11), as well as for a reduced data set (N = 10) in which one of the 11 males was excluded as an outlier.
RESULTS
GENOTYPING, PARENTAGE ANALYSES, MULTIPLE PATERNITY, AND PATERNAL SKEW
One microsatellite locus displayed HWE disequilibrium and evidence of a null allele (P = 0.12) and was subsequently removed from analyses. GENEPOP also detected LD between three pair of loci, although these comparisons were less than expected by chance alone (Bonferroni-adjusted P > 0.0002). Mean observed and expected heterozygosities and allelic richness are provided in Levine (2013) .
COLONY inferred offspring maternity at a probability greater than or equal to 0.997, except for five offspring with a probability less than or equal to 0.976. However, known maternity and maternal I is equal to sex-specific relative variance in reproductive success (= number of offspring) and is calculated by dividing sex-specific variance in reproductive success by the square of mean sex-specific reproductive success. I was also estimated with the maximum-likelihood software BATEMANATER (Mobley & Jones, 2012) to correct for open population bias (bias corrected I), with 1000 bootstrap replicates. Male and female I were significantly different (F-ratio test; P < 0.05) when calculated with traditional methods and when estimated with BATEMANATER. Is is equal to sex-specific relative variance in number of mates and is calculated by dividing sex-specific variance in number of mates by the square of mean sex-specific number of mates. Is was also estimated with the maximum-likelihood program BATEMANATER (Mobley & Jones, 2012) to correct for open population bias (bias corrected Is), with 1000 bootstrap replicates. Male and female Is were significantly different (F-ratio test; P < 0.05) when calculated with traditional methods and when estimated with BATEMANATER.
sibships matched maternal and sibship assignments for all 137 offspring, confirming the ability of our microsatellites to reliably delineate familial relationships. Paternity for 66 of 137 offspring (48.2%) was assigned to 11 known males at a probability greater than 0.996 (N = 65), and a probability of 0.964 (N = 1). Paternity of the remaining 71 offspring was assigned to 15 unknown males, thus eliminating our opportunity to evaluate the probability of correct paternity. Importantly, four males were previously observed mating with females that subsequently had offspring ), although they were not supported by molecular parentage analysis as being fathers of those offspring. Similarly, known males that sired offspring were also not observed mating with the respective female parent .
We identified multiple paternity in nine of 20 litters (eight with two sires, one with three sires), and thus rejected the null hypothesis of no multiple paternity. There was no significant difference in litter size (number of offspring) among single paternity (mean offspring = 6.82 ± 2.89) and multiple paternity litters (mean offspring = 6.89 ± 2.68) (two-sample t-test, t 18 = −0.06, P > 0.05).
SEXUAL SELECTION METRICS AND THEIR ESTIMATES
We reject the null hypotheses that both sexes have statistically equivalent estimates of I, Is, and βss. The estimate for I derived with traditional calculations (i.e. no correction for open population bias) was equal to 3.08 for males, and was significantly different from that for females (female I = 0.17; F-ratio test; P < 0.05) ( Table 1) . Values of I estimated with BATEMANATER were also significantly different between males (0.84) and females (0.17) (F-ratio test; P < 0.05) ( Table 1) .
Utilizing MS gen, we found that Is for males (2.19) was significantly different from that for females (0.19) (F-ratio test; P < 0.05) ( Table 2) . When using MStot, estimates of Is for males and females were equal to 1.02 and 0.26, respectively, and were, again, significantly different (F-ratio test; P < 0.05). Male and female Is estimated with BATEMANATER (Mobley & Jones, 2012) were equal to 0.74 and 0.19 (Table 2) , respectively, and were again significantly different from each other (F-ratio test; P < 0.05). When Is was estimated for males and females with both BATEMANATER and MStot, male and female estimates were also statistically different from one another (male Is = 1.01; female Is = 0.26; F-ratio test; P < 0.05).
The Bateman gradient (βss) for males was statistically significant when calculated with MSgen or MStot (MSgen: βss = 4.25, r 2 = 0.61, P < 0.0001, Fig. 1 ; MStot: βss = 2.15, r 2 = 0.28, P < 0.0001, not shown). By contrast, βss for females was not significantly different from zero, again regardless of the MS used (MSgen: βss = 0.66, r 2 = 0.02, P > 0.05, Fig. 1 ; MStot: βss = 0.07, r 2 = 0.000, P > 0.05, not shown). Male and female Bateman gradients were also significantly different from each other (ANCOVA, P < 0.05).
With the complete data set of 11 known males, the null hypothesis of no correlation between male SVL and the number of offspring sired could not be rejected (P > 0.05). However, with the removal of one male data point as an outlier, the relationship between male reproductive success and SVL was statistically significant, with larger males siring more offspring than smaller males (r 2 = 0.50; P = 0.023) (Fig. 2) .
DISCUSSION
We quantified and characterized the mating system of a population of copperhead using an extensive number of robust polymorphic microsatellite loci and by employing four estimators of Bateman's metrics. Our results lend strong empirical support to the argument that male pitvipers display elevated opportunities for selection and sexual selection compared to females. To our knowledge, this is the first study to employ multiple methods to estimate Bateman's metrics in pitvipers, or any other snake taxa, and to yield consistent and statistically significant differences between males and females.
PARENTAGE ANALYSES AND MULTIPLE PATERNITY
Although multiple paternity has been described in a variety of animals (e.g. mammals : Carling, Wiseman & Byers, 2003; birds: Gowaty & Karlin, 1984; fish: Soucy & Travis, 2003) ; insects (Boomsa, Fjerdingstad & Frydenberg, 1999) , and A. contortrix under laboratory conditions (Schuett & Gillingham, 1986) ], our findings are novel for wild copperhead, and only the second for New World pitvipers (Jellen & Aldridge, 2011; Clark et al., 2014) . Multiple paternity may occur under several scenarios: when females mate multiply within a single season or when long-term sperm storage from different males is maintained across breeding seasons, or a combination of the two (Uller & Olsson, 2008; Jellen & Aldridge, 2011) . Longterm sperm storage has been documented in laboratory crosses of A. contortrix (Schuett & Gillingham, 1986) and is an obligate component of the mating system in the study population (Smith et al., 2009) . With a single mating season in late summer, females then store sperm throughout hibernation, and then ovulate and fertilize ova in spring. Although males in the study population are capable of mating multiple times within a season (Smith, 2007; , precise estimates of the number are lacking. Sperm competition or cryptic female choice may obscure the number of mates for a female, particularly if ova have not been fertilized (Uller & Olsson, 2008) . Furthermore, the effects of sperm competition on multiple paternity are difficult to separate from cryptic female choice (Thornhill, 1983) , which may also influence patterns of paternity. Variance in male reproductive success will be reduced by multiple paternity and thus diminish sexual selection (Duvall, Schuett & Arnold, 1993) unless a single male sires all (or almost all) offspring in a litter (Shuster, Briggs & Dennis, 2013) . As in other snakes, gamete production is finite in male copperhead and this aspect combined with multiple paternity yields fewer offspring for each male in a multiply-sired litter, particularly compared to males as sole sires. In the present study, the majority of litters (55%) were singly-sired, supporting the hypothesis of strong male sexual selection, particularly given the statistical equivalence between the numbers of offspring produced in single versus multiple paternity litters. Our present analysis, however, does not clarify whether a first-male advantage occurs in A. contortrix (Höggren & Tegelstrōm, 2002) , and this point will be addressed in future studies on this population.
OPPORTUNITIES FOR SELECTION AND SEXUAL SELECTION
The influence of the operational sex ratio (OSR) on sexual selection metrics was first described based on studies of mammals and birds (Emlen & Oring, 1977) and has subsequently been extended to other mating systems (Douglas, 1979; Wade & Shuster, 2005) . In the present study, the adult sex ratio is almost unity (N m = 56, Nf = 58), although the OSR is male-biased (between 1 : 2 and 1 : 3; Smith, 2007; Smith et al., 2009; in any given year as a result of low frequency (biennial or triennial) female reproductive patterns, a situation common in temperate viperid snakes (Brown, 1993; . Consequently, the elevated abundance of available males contributes to variance in male reproductive success. Therefore, it was not unexpected that our estimates of I and I s were greater in males than in females. Is in the study population was estimated from behavioural observations (i.e. number of mates and copulations) in a previous study with no sex-specific differences found. However, in the present study, Is differed significantly between males and females, highlighting the widely-varying results that can emerge when different methods are used to estimate sexual selection (Shuster & Wade, 2003) . We argue that molecular analyses provide greater resolution when sex-specific estimates are derived. For example, none of the four males previously observed mating with three females was assigned paternity when the offspring were evaluated using molecular parentage analyses. Furthermore, known males that did sire offspring were never observed to mate with those females in the field . Cryptic copulation may be commonplace in snakes because 35% of males in a population of northern water snake (Nerodia sipedon) sired young but were never observed mating . Long-term sperm storage has been documented in A. contortrix and other snakes (Booth & Schuett, 2011) and could result in offspring being sired by males that mated with females in previous seasons. Furthermore, the cryptic coloration and behaviours of many snakes (Shine, 2008) , including copperhead, may permit copulation without human detection (Clark et al., 2014) , even in well documented and observed populations ).
Bateman's gradients
As predicted, male copperhead exhibited a statistically significant Bateman gradient, whereas females did not, demonstrating that males in the study population experience a greater benefit from multiple matings (in terms of the number of offspring produced) when compared to females. Three main factors that contribute to this are: (1) a clumped spatial distribution of receptive females in the environment; (2) asynchrony in the timing of female receptivity; and (3) a male-biased OSR influenced by the previous two (Emlen & Oring, 1977; Ims, 1988) . A clumped female distribution and asynchrony in the timing of female receptivity allow for multiple matings, as well as for a subset of males in close proximity to aggregated females to monopolize mating. Both contribute to increased variance in male mating success and an elevated sexual selection gradient. Furthermore, a male-biased OSR, with a greater number of sexually active males than females, will promote male competition and elevate the variance in male mating success. Although Bateman's metrics have been applied to many taxa (e.g. mammals: Clutton-Brock et al., 2006; fish: Jones et al., 2005) , few studies have utilized them to evaluate mating systems in snakes. Robust comparisons among taxa are thus premature (but see Madsen & Shine, 1994; Duvall & Schuett, 1997; Prosser et al., 2002) . Furthermore, there is co consensus on the significance of the Bateman paradigm, citing inconsistencies in the original experiment and emergent logical flaws (Tang-Martinez, 2012 ). However, a multitude of evidence to date supports the Bateman-Trivers postulates (i.e. elevated sexual selection in males; females as a limiting resource for males thus prompting male-male competition), and an elevated variance in male mating and reproductive success has been documented across a wide variety of species (Parker & Birkhead, 2013) . Importantly, although the main concern with respect to employing Bateman's metrics is the bias associated with incomplete sampling of open populations (Mobley & Jones, 2012 ), significant differences among male and female estimates of Bateman's metrics were detected in this population both with traditional calculations and with the maximum-likelihood method for open populations. Furthermore, male and female Bateman's metrics were significantly different from each other, regardless of whether mating success included behavioural observations as well as genotypic parentage data.
Selection on male SVL
Strong sexual selection is promoted when male phenotypic traits are correlated with access to mates (Gopurenko, Williams & DeWoody, 2007) . Given that statistically significant opportunities for selection and sexual selection were found in males, and also that a positive relationship between male SVL and priorityof-access to females has been demonstrated in Copperhead (Schuett, 1996; Schuett, 1997) , it is not surprising that a significant correlation emerged in the present study between male SVL and the number of offspring sired. Again, these results are in contrast to those obtained in previous investigations conducted in the study population . However, our genotypic results, albeit with the removal of one outlier male, are similar to those of other studies investigating the relationship between body size and reproductive success in snakes (Blouin-Demers et al., 2005; Dubey et al., 2009; Ursenbacher, Erny & Fumagalli, 2009) . Accurate parentage assignments are essential to correctly estimate male reproductive success and, in this respect, molecular data clearly demonstrate their worth.
Concluding remarks
The present study contributes to a growing literature that focuses on mating systems and sexual selection, and also emphasizes the importance of genotypic data in estimating paternity and other mating system parameters (Serbezov et al., 2010) in that correctly developing a parental table requires high confidence in familial relationships. Without genotypic data, estimates of I, Is, and selection on phenotypic characters important to reproduction depend instead only on observational data that may result in specious inferences as a result of cryptic life histories and other associated factors. Additionally, the present study demonstrates the utility of employing multiple methods for estimating Bateman's metrics, as well as the robust results that emerge when these methods converge on statistically significant differences between males and females. Additional studies on A. contortrix and other snakes are clearly warranted to further clarify these, and other, disparities.
